Featured Application: The study of the material removal mechanisms in ultrasonic abrasive polishing provides technical support for the surface modification of metal-based additive manufactured components which have poor surface quality. In addition, the technology can be further applied to smoothing various complex shapes and the internal features of both metal and non-metal parts, due to the use of loose abrasive particles and the possibility of uniform material removal process.
The powder bed depth was 0.1 mm, and the build orientation is illustrated in Figure 1 . The four side surfaces are the target finishing surfaces.
Experimental Setup
A high-power ultrasonic generator with a frequency range of 20~25 kHz (SCIENTZ-950E, Ningbo Scientz Biotechnology, Ningbo, China) was used in this work. The diameter of the horn tip was 6 mm. The ultrasonic amplitude could be adjusted purposely by changing the output power, which ranged 5~600 W. The specimens were fixed and immersed in a container filled with abrasive slurry. The container was surrounded by cold water to prevent a drastic increase in temperature. Figure 2 shows the real illustration of the configuration for the ultrasonic abrasive polishing experiments. 
Experimental Procedure and Conditions
Three groups of experiments were conducted, and the detailed conditions are labeled Group 1-3, as shown in Table 1 . To verify the roles of cavitation bubbles and abrasive particles in the finishing process, comparison experiments were conducted with abrasive concentrations of 0% and 10%, as listed in Group 1. In the case of 0% (no abrasive particles), cavitation only occurred for material removal. While for 10%, the clearance of 1 and 2 mm between the horn tip and the workpiece was used for a comparison, and the surface after machining for 5, 10, 20 and 30 min was observed under a scanning electron microscope (TESCAN, Kohoutovice, Czech Republic). Comparison experiments were then carried out with different ultrasonic output powers and abrasive concentrations, as listed in Groups 2 and 3. A laser scanning confocal microscope (LEXT OLS4000, Olympus) was used for the imaging and 3D measurement of the representative surfaces in this study. Roughness measurements were taken with a non-contact laser probe profilometer (NH-3SP, MitakaKouki). For each sample, due to the high standard deviations of AM surface, 5 measurements were utilized to calculate the average Ra value and the standard deviation. For all the experiments, the workpieces were cleaned in an ultrasonic cleaner for 20 min to remove the abrasive particles and delaminated base materials left on the surface before the observation and measurement. 
Experimental Setup
A high-power ultrasonic generator with a frequency range of 20~25 kHz (SCIENTZ-950E, Ningbo Scientz Biotechnology, Ningbo, China) was used in this work. The diameter of the horn tip was 6 mm. The ultrasonic amplitude could be adjusted purposely by changing the output power, which ranged 5~600 W. The specimens were fixed and immersed in a container filled with abrasive slurry. The container was surrounded by cold water to prevent a drastic increase in temperature. Figure 2 shows the real illustration of the configuration for the ultrasonic abrasive polishing experiments.
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Experimental Procedure and Conditions
Three groups of experiments were conducted, and the detailed conditions are labeled Group 1-3, as shown in Table 1 . To verify the roles of cavitation bubbles and abrasive particles in the finishing process, comparison experiments were conducted with abrasive concentrations of 0% and 10%, as listed in Group 1. In the case of 0% (no abrasive particles), cavitation only occurred for material removal. While for 10%, the clearance of 1 and 2 mm between the horn tip and the workpiece was used for a comparison, and the surface after machining for 5, 10, 20 and 30 min was observed under a scanning electron microscope (TESCAN, Kohoutovice, Czech Republic). Comparison experiments were then carried out with different ultrasonic output powers and abrasive concentrations, as listed in Groups 2 and 3. A laser scanning confocal microscope (LEXT OLS4000, Olympus) was used for the imaging and 3D measurement of the representative surfaces in this study. Roughness measurements were taken with a non-contact laser probe profilometer (NH-3SP, MitakaKouki). For each sample, due to the high standard deviations of AM surface, 5 measurements were utilized to calculate the average Ra value and the standard deviation. For all the experiments, the workpieces were cleaned in an ultrasonic cleaner for 20 min to remove the abrasive particles and delaminated base materials left on the surface before the observation and measurement. To compare the experimental results, the same abrasive material (Silicon carbide) and workpiece material (Inconel 625) were utilized in the simulations. The Mie-Grüneisen Equation of state [20] was employed to describe the initial elastic response of the materials. The strength and damage behavior of silicon carbide was modeled with the Johnson-Holmquist material model [21] . The Johnson-Cook model was employed to model the strength behavior of Inconel 625 [22] . In the Johnson-Cook model [23] , the von Mises stress, σ, is expressed as
where ε is the equivalent plastic strain,
ε 0 is the dimensionless plastic strain rate for . ε 0 = 1.0 s −1 , and T* is the homologous temperature where T* = (T − T room )/(T melt − T room ). The five material constants are A, B, t, C, and m, where A is the yield stress, B and t represent the effects of strain hardening, and C is the strain rate constant. The expression in the first set of brackets gives the stress as a function of strain for . ε * = 1.0 and T* = 0. The expressions in the second and third set of brackets represent the effects of strain rate and temperature, respectively. The important parameters for simulations are summarized in Table 2 . 
Construction of Simulation Model
The calculations were conducted with the computer program AUTODYN from Century Dynamics. A snapshot of the initial construction of the simulation model is shown in Figure 3 . A one-quarter 3D model with symmetric boundary conditions was built to reduce the calculation time. The abrasive particle was modeled in a spherical shape, which is different to those in the slurry, but is still useful for demonstrating the work of abrasive particles in the polishing process. Because SPH takes more time in searching for neighboring particles, the abrasive particle and the partial workpiece area around the impact site were built with SPH solver, while the remaining workpiece area was constructed using the Lagrange finite element mesh to improve the calculation efficiency. The smoothing length for the SPH particle was 80 nm, and the finite element mesh size was 0.3 µm. In the ultrasonic process, the abrasive particles would be accelerated by the cavitation collapse force and the ultrasonic energy of the horn, which can create an initial velocity that the abrasive particle just touches the work surface ranging from several meters to several hundred meters per second [24, 25] . Therefore, initial velocities of 1, 20, and 200 m/s were applied to the abrasive particle along the z direction for a tentative comparison in this study, which is believed to be helpful in understanding the effect of abrasive particles on the surface smoothing process.
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Step discontinuities at the layer interface were also reduced. The roughness Ra was measured, which decreased to 2.93 μm after 30 min of machining, and an obvious smoothing of the AM surface was obtained as shown in Figure 4a . However, it was found that the partially melted powders were predominately removed in the first 5 min for 2 mm clearance, and only slight material removal occurred in the remaining 25 min. The larger structures and step discontinuities that remained on the surface after 30 min of machining were almost the same as the original ones. It is also noted that the removal process for the tightly attached, partially melted powder needs more time and leaves shallow pits on the machined surface, as shown in area C for both cases. The results indicate that a clearance of 1 mm is appropriate for effective polishing. In addition, the clearance is sufficient to prevent the direct hammering of abrasive particles and extends the working life of the horn. Figure 4 shows the SEM images of the surfaces machined with different clearances between the horn and the workpiece under an abrasive concentration of 10% before and after polishing for 5, 10, 20, and 30 min. For both cases, the original surfaces (at 0 min) demonstrate the typical surface topography of metal-based AM parts which have numerous partially melted powders, larger agglomeration and balling structures, and step discontinuities due to the layer interface (Figure 4a,b ). All these contribute to a high initial Ra value of about 9.48 µm-measured before polishing. After 5 min of machining, we can notice that most of the partially melted powders were removed from their original sites, as shown in area A for both cases. The larger structures were also smoothed when the clearance was 1 mm, as shown in area B of Figure 4a , while almost no change happened for 2 mm clearance ( Figure 4b ).
Results
Machined Surface Topography under Different Clearances between the Horn Tip and the Workpiece
With the increase in the machining time, almost all of the partially melted powders were removed for 1 mm clearance.
Step discontinuities at the layer interface were also reduced. The roughness Ra was measured, which decreased to 2.93 µm after 30 min of machining, and an obvious smoothing of the AM surface was obtained as shown in Figure 4a . However, it was found that the partially melted powders were predominately removed in the first 5 min for 2 mm clearance, and only slight material removal occurred in the remaining 25 min. The larger structures and step discontinuities that remained on the surface after 30 min of machining were almost the same as the original ones. It is also noted that the removal process for the tightly attached, partially melted powder needs more time and leaves shallow pits on the machined surface, as shown in area C for both cases. The results indicate that Appl. Sci. 2019, 9, 5359 6 of 13 a clearance of 1 mm is appropriate for effective polishing. In addition, the clearance is sufficient to prevent the direct hammering of abrasive particles and extends the working life of the horn. Figure 5 shows the SEM images of the surfaces after polishing with 10% and 0% abrasive concentration for 30 min. Partially melted powders were removed, regardless of whether abrasive particles were added. However, it is obvious that the polishing result is better with addition of abrasive particles, because the larger structures and step discontinuities were also smoothed. The roughness Ra was decreased to 5.02 µm after cavitation treatment alone, while it was decreased to 2.93 µm upon adding abrasive particles. The difference in surface topography is further demonstrated in the comparison of 3D topographic maps, as shown in Figure 6 .
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Based on the results above, two material removal mechanisms can be considered responsible for the surface smoothing process during the ultrasonic abrasive polishing of additive manufactured components. The first is the material removal due to cavitation collapse pressure, which is effective in dislodging the partially melted powders from the surface. The bonding neck between a partially melted powder and the surface acts like a crevice, which entraps gas and improves the cavitation erosion [4] . The second material removal mechanism is based on the impact of abrasive particles suspended in the slurry. The abrasive particles are accelerated by the cavitation pressure and the ultrasonic energy of the horn, and tend to penetrate the workpiece in different directions. The SPH simulation in this study only demonstrated the vertical impact action of abrasive particles, which, it is believed, would smooth the surface by plastic deformation. However, it should be noted that the impact from other directions would result in material removal by micro-cutting or sliding [27] . All of these make abrasive particles capable of smoothing and further removing large structures and discontinuities on the surface of AM components. Figure 13 shows the schematic of material removal mechanisms in the ultrasonic abrasive polishing of additive manufactured components explained above.
Appl. Sci. 2019, 9, x 11 of 13 in dislodging the partially melted powders from the surface. The bonding neck between a partially melted powder and the surface acts like a crevice, which entraps gas and improves the cavitation erosion [4] . The second material removal mechanism is based on the impact of abrasive particles suspended in the slurry. The abrasive particles are accelerated by the cavitation pressure and the ultrasonic energy of the horn, and tend to penetrate the workpiece in different directions. The SPH simulation in this study only demonstrated the vertical impact action of abrasive particles, which, it is believed, would smooth the surface by plastic deformation. However, it should be noted that the impact from other directions would result in material removal by micro-cutting or sliding [27] . All of these make abrasive particles capable of smoothing and further removing large structures and discontinuities on the surface of AM components. Figure 13 shows the schematic of material removal mechanisms in the ultrasonic abrasive polishing of additive manufactured components explained above. The two material removal mechanisms are greatly influenced by the process conditions. Even though the general polishing performance under different conditions has been investigated through the experiments, the nature of the change is not fully understood. The real velocities of the abrasive particles accelerated by the cavitation collapse pressure and the ultrasonic energy of the horn should be further studied, so that the polishing process can be improved. In addition, the cavitation erosion is often associated with damage on smooth specimens based on earlier studies, so it may also have a tendency to worsen the surface smoothness in the polishing process. The control of the two conflicting effects of cavitation on AM surface finish is important to ensure efficient polishing, and should be investigated in the future study. It is believed that the technology could be an ideal solution for the surface modification of AM components. Moreover, as the ultrasonic abrasive polishing process is conducted uniformly on the whole working area by using suitable settings, this polishing method can be used to process surfaces with various complex shapes and internal features.
Conclusions
In this work, material removal in ultrasonic abrasive polishing was studied using both experiments and SPH simulations. The roles of cavitation bubble collapse and the impact of abrasive particles in material removal were confirmed.
The following major conclusions have been drawn:
(1) Cavitation bubble collapse in ultrasonic polishing can efficiently remove the partially melted powders on additive manufactured surfaces, and a further improvement of surface quality can be obtained through the micro-cut and impact of abrasive particles in the slurry. In this work, Figure 13 . Material removal mechanism in the ultrasonic abrasive polishing of additive manufactured components.
The two material removal mechanisms are greatly influenced by the process conditions. Even though the general polishing performance under different conditions has been investigated through the experiments, the nature of the change is not fully understood. The real velocities of the abrasive particles accelerated by the cavitation collapse pressure and the ultrasonic energy of the horn should be further studied, so that the polishing process can be improved. In addition, the cavitation erosion is often associated with damage on smooth specimens based on earlier studies, so it may also have a tendency to worsen the surface smoothness in the polishing process. The control of the two conflicting effects of cavitation on AM surface finish is important to ensure efficient polishing, and should be investigated in the future study. It is believed that the technology could be an ideal solution for the surface modification of AM components. Moreover, as the ultrasonic abrasive polishing process is conducted uniformly on the whole working area by using suitable settings, this polishing method can be used to process surfaces with various complex shapes and internal features.
(1) Cavitation bubble collapse in ultrasonic polishing can efficiently remove the partially melted powders on additive manufactured surfaces, and a further improvement of surface quality can be obtained through the micro-cut and impact of abrasive particles in the slurry. In this work, the roughness was decreased to 2.93 µm from the initial value of 9.48 µm after 30 min of polishing. (2) Increasing the output power enhances the cavitation intensity and the impact of abrasive particles, which would improve the polishing process. (3) Micro-abrasive particles act as bubble nucleation sites, which increase the cavitation intensity and, accordingly, facilitate the material removal process. However, a high abrasive concentration will result in interference between the particles and a decentralization of material removal. Therefore, the polishing effect can be only improved when the abrasive concentration is within a certain range.
